Nucleocytoplasmic large DNA viruses have the largest genomes among all viruses and 28 infect diverse eukaryotes across various ecosystems, but their expression regulation and 29 infection strategies are not well understood. We profiled single-cell transcriptomes of the 30 worldwide-distributed microalga Emiliania huxleyi and its specific coccolithovirus 31 responsible for massive bloom demise. Heterogeneity in viral transcript levels detected among 32 single cells was used to reconstruct the viral transcriptional trajectory and to map cells along a 33 continuum of infection states. This enabled identification of novel viral genetic programs, 34 which are composed of five kinetic classes with distinct promoter elements. The infection 35 substantially changed the host transcriptome, causing rapid shutdown of protein-encoding 36 nuclear transcripts at the onset of infection, while the plastid and mitochondrial 37 transcriptomes persisted to mid-and late stages, respectively. Single-cell transcriptomics 38 thereby opens the way for tracking host-pathogen infection dynamics at high resolution within 39 microbial communities in the marine environment. 40 41 42
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Main text 43
Nucleocytoplasmic large DNA viruses (NCLDVs) are the largest viruses known today 44 in both genome and virion size. They have been found in most major lineages of eukaryotes 45 across diverse habitats (1-4), especially in the marine environment (5, 6). Among the 46 NCLDVs of special ecological importance are members of the family Phycodnaviridae that 47 infect a wide range of key algal hosts (1). These include the cosmopolitan calcifying 48 eukaryotic alga Emiliania huxleyi (Haptophyta), which forms massive annual blooms in the 49 oceans that have a profound impact on the carbon and sulfur biogeochemical cycles (7). E. 50 huxleyi blooms are frequently terminated by a large dsDNA virus -EhV (8), which 51 enhances nutrient cycling and carbon export to the deep ocean (9, 10). This host-virus model 52 provides a trackable system for understanding viral life cycle strategies and host responses. 53
High-throughput bulk RNA sequencing (RNA-seq) has been used for whole-genome 54 expression profiling of NCLDVs during infection, shedding light on gene prediction, 55 transcript structure, and changes in metabolic pathways (11-13). However, bulk RNA-seq 56 profiles average gene expression levels across many cells, whereas infection states can be 57 variable among single cells. To overcome this limitation, single-cell RNA-seq (scRNA-seq) 58 approaches have been developed to probe the transcriptomes of individual cells in a highly 59 parallel manner. These methods have revolutionized our understanding of various 60 developmental and immunological processes (14, 15), including host-virus interactions in 61 mammalian systems (16, 17) . 62
Here we employed scRNA-seq to study EhV infection of E. huxleyi at the single-cell 63 level, in order to characterize the temporal dynamics and regulation of viral and host 64 transcriptomes. E. huxleyi CCMP2090 cultures were infected with the lytic virus EhV201 (13, 65 18) ( Fig. 1A , Table S1 , and fig. S1). Individual cells were isolated into 384-well plates by 66 fluorescence-activated cell sorting (FACS) and processed using the MARS-seq protocol (19), 67 which uses cellular barcodes to tag RNA molecules from individual cells and enables 68 transcript quantification by using unique molecular identifiers (UMIs). By mapping reads to 69 the reference E. huxleyi transcriptome and to the EhV201 genome, we were able to profile 70 both viral and host transcripts in each individual cell. 71
We compared the total expression levels of all viral genes in 5,179 cells from infected 72 cultures, control cultures, and cultures mock-infected by UV-inactivated viruses ( Fig. 1B) . 73
While the average viral gene expression increased over time of infection, high variability in 74 viral expression levels between single cells was observed despite a high virion-to-cell ratio 75 (multiplicity of infection 5:1) that was used to reduce the possible variation due to encounter 76 rates. Throughout the first 10 hours of infection, two coexisting groups of cells were observed 77 one with clear detection of active viral expression (≥ 10 viral UMIs) and the other with 78 transcript abundance at the level of noise (cf. control or mock infection). The observed 79 bimodal distribution of viral transcripts implies the existence of an all-or-none switch that 80 rapidly turns on viral expression ( Fig. 1B) . The proportion of cells with at least 10 viral UMIs 81 increases from 0% to nearly 90% within 10 hours (Fig. 1C) . Interestingly, the mRNA pool in To further explore the variation among infected single cells, we applied the MetaCell 107 analysis (20) based on viral gene expression, which divided the cells into seven groups 108 (metacells) that defined the different phases of infection ( Fig. 2A ). Infected cells were spread 109 along an infection continuum, reaching maximum heterogeneity at 6 hpi ( Fig. 2B ). In 110 contrast, cells pre-treated with cycloheximide, an inhibitor of eukaryotic translation (21), were 111 mainly localized in the initial phase (metacell 1) of infection at 6 hpi ( Fig. 2B ). This suggests 112 that newly synthesized proteins are required for later viral transcription programs, but not for 113 the initial phase. The continuum of cells allows us to map infection progression on a pseudotemporal scale between of 0 to 1 ( Fig. 2A By re-ordering cells based on the newly defined infection states, we found that viral 130 genes were largely organized in five discrete kinetic classes of genes herein termed 131 immediate-early (73 genes), early (136), early-late (49), late 1 (22) and late 2 (40), which 132 formed partially overlapping sequential waves of expression ( Fig. 3 and Table S2 ). The early class encompasses most of the genes involved in information processing and metabolism, 134
including DNA replication (e.g., DNA polymerase delta subunit and proliferating cell nuclear 135 antigen) and lipid metabolism such as the unique EhV-encoded sphingolipid biosynthesis (13, 136 22-24) (Fig. 3C) . The early genes also encode four RNA polymerase II subunits (RPB1, 137 RPB2, RPB3, and RPB6), which probably enable transcription independent of the host 138 machinery. In addition, two small RNA polymerase II subunits (RPB5 and RPB10) are 139 encoded in the early-late class. The late 1 and late 2 gene products include the packaging 140
ATPase for packing viral DNA into virions and the major capsid protein, the main component 141 of the virion capsid, respectively. In addition, our proteomic analysis showed that most 142 proteins encoded by the two late classes are integral components of EhV virions ( Fig. 3C and 143 Table S3 ). 144
To characterize the regulatory mechanisms underlying the viral gene kinetic classes, 145
we looked for enriched sequence motifs de novo in the promoter regions (±100 bp of the first 146 base of the start codon) of genes belonging to different kinetic classes ( Fig. 3D and Table S4 ). 147
The most enriched motif in the promoter region of immediate-early genes ends mostly at the 148 ATG start codon (positions 12-14) and was previously identified as a putative promoter 149 element associated with initial expression in another EhV strain (25). We also revealed short, 150 highly enriched elements, including a 6-bp motif around the ATG of early genes and a 7-bp 151 one mostly upstream of the start codon in early-late genes. An AT-rich 20-bp motif was 152 detected, with a degenerated center, usually immediately upstream of the start codon of late 1, 153 late 2, and other late genes. We further found that these putative promoter elements are found 154 to be conserved across EhV genomes ( fig. S4 ), which share most of their gene contents ( fig.  155 S5 and Table S5 ). Intriguingly, the late motif bears striking similarity to the late promoter 156 element of mimivirus, a distantly related NCLDV that infects amoebae, which is comprised 157 by two AT-rich decamers separated by a degenerated tetramer and is also present in the 158 genome of the mimivirus virophage (11). Although genes in most kinetic classes are scattered throughout the EhV201 genome, the immediate-early genes are mainly concentrated in two 160 genomic regions (Fig. 3E) , as also seen in the strain EhV86 (25). Such organization could 161 facilitate the rapid activation of the immediate-early class once the host cell is infected, Finally, our single-cell dual RNA-seq approach allows quantification of not only 182 transcripts encoded by the viral genome, but also respective host transcriptomes including 183 those of the mitochondria and chloroplasts (Fig. 4) . As depicted in Fig. 1 , there was a sharp 184 shift of the cellular transcriptome from host-encoded to virus-encoded transcripts. By 185 mapping the expression levels across infection states, we found differential shutdown of 186 nucleus-encoded and organelle-encoded genes (Fig. 4A ). Whereas nuclear transcripts were 187 rapidly shut down at the onset of active viral expression, levels of the mitochondrial and 188 chloroplast transcripts were maintained. Moreover, the two types of organelles show distinct 189 expression patterns, with mitochondrial transcripts persisting at lower, yet relatively stable 190 levels throughout the infection progression and chloroplast transcript levels that were high in 191
the beginning but then soon declined ( Fig. 4B and 4C) . The delayed shutdown of chloroplast-192 encoded genes suggests the need for active chloroplasts in early stages of infection, which is 193 in agreement with the recent finding that photosynthetic electron transport remained active during the initial phase of viral infection (26). In contrast to chloroplasts, the mitochondrial 195 transcripts were maintained throughout the infection progression, consistent with the high 196 requirement for energy and redox equivalents at all stages of infection. Correspondence to: shilo.rosenwaser@mail.huji.ac.il; assaf.vardi@weizmann.ac.il 9 10 11
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